chemistry by using exogenous nucleobase rescue. We The unique metal cation dependence of hairpin riboadapted a strategy that originally was used to examine zyme reactions gave an early indication that ribozymes proton transfer by amino acid side chains in protein can accomplish efficient catalysis by exclusively using enzyme catalysis. Toney and Kirsch showed that an RNA functional groups [7]. In contrast to hammerhead, aspartate aminotransferase mutant that lacked an active site lysine could be rescued by exogenous alkyl amines that restored general base catalysis [24, 25]. In a related
Figure 1. Chemical Mechanism of RNA Cleavage Mediated by the Family of Small Catalytic RNAs that Includes the Hairpin Ribozyme
Cleavage proceeds through an S N 2-type mechanism that involves in-line attack of the 2Ј oxygen nucleophile on the adjacent phosphorus. Breaking of the 5Ј oxygen-phosphorus bond generates products with 5Ј hydroxyl and 2Ј,3Ј-cyclic phosphate termini.
approach, Been and coworkers demonstrated that extion of abasic residues through chemical synthesis of either the substrate (S) or the substrate binding strand ogenous imidazole and nucleobases could rescue HDV ribozyme mutants lacking an active site cytidine impli-(SB) of loop A (Figure 3) . We chose to examine abasic substitutions in hairpin ribozyme variants stabilized by cated in proton transfer [26, 27] . Herschlag and coworkers investigated RNA structure-function relationships by the context of a four-way helical junction to minimize any loss in activity that might result from disruption substituting abasic residues for conserved nucleotides in the hammerhead ribozyme and evaluating rescue by of interdomain tertiary interactions. The activity of the unmodified R4 ribozyme ( Figure 3A ) has been characterexogenous nucleobases [28] [29] [30] . We have combined these approaches to show that certain exogenous nucleobases can restore catalytic activity to a hairpin ribozyme variant lacking an important guanine at position 8. Structural features of the small molecules that are capable of rescue as well as biochemical features of rescued reactions support the novel model that a cationic nucleobase restores catalytic activity through electrostatic stabilization of the electronegative transition state.
Results

Assaying Effects of Nucleotide Modifications on Catalysis
We assessed cleavage activity for a series of ribozyme variants with abasic deoxynucleotides substituted for conserved residues in order to gain a better understanding of the residues involved in catalysis. We used two hairpin ribozyme configurations to facilitate incorpora- (Table 1) . Thus, loss of these 2Ј hydroxyls had no significant effects on catalysis for these hairpin riboeffects on catalysis. The G8dX variant displays 350-foldreduced activity, and cleavage rate constants of the zyme variants that assemble in the context of a fourway helical junction.
A9dX and A10dX variants are reduced 9-and 8-fold, respectively ( Figure 3B , Table 1 ). The N1 ring nitrogen Hairpin ribozymes can display reduced cleavage rates when slow dissociation of cleavage products promotes of G8 lies within 2.9 Å of the 2Ј hydroxyl that gives rise to the 2Ј oxyanion nucleophile, leading to the suggestion religation so that product dissociation, rather than cleavage, becomes the rate-determining step [22, 35] . It was that G8 acts as a general base catalyst to deprotonate the 2Ј hydroxyl [23, 36]. In the crystal structure, A9 and important to carry out control experiments to confirm that abasic ribozyme reaction kinetics provide a straight-A10 in loop A and A38 in loop B border a pocket that is large enough to accommodate a water molecule, alforward assay of cleavage activity. Designing abasic ribozymes to generate short 3Ј cleavage products that though it was not occupied by water in the crystal. One or more of these adenines has been proposed to activate dissociate rapidly ensured that cleavage rate measure- ecules probably failed to restore activity simply because we could not achieve concentrations that were high enough to support binding. Although guanine would be expected to rescue G8dX, for example, guanine could not be tested at concentrations higher than 25 M, and no detectable rescue occurred at this concentration. Four heterocyclic amines, cytosine, isocytosine, 2-aminopyridine, and 2,6-diaminopurine, restored partial activity to the G8dX variant (Figures 4 and 5A ). At the same concentrations, these heterocyclic amines had no detectable effect on reactions of unmodified ribozymes or ribozymes with other abasic deoxynucleotide substitutions, evidence that rescue of the G8dX variant occurred through specific binding.
Rescuing molecules share functional groups that correspond to the Watson-Crick hydrogen bonding face of guanine ( Figure 5A ). 4-pyrimidinone retains the keto oxygen corresponding to O6 of guanine but not the exocyclic amine, and it failed to rescue G8dX. Rescue was observed with 2-aminopyridine, which retains the exocyclic amine but not the keto oxygen. Therefore, it seems that the exocyclic amine is important for rescue but the keto oxygen is not. The crystal structure of the active site is consistent with this interpretation. The exocyclic amine of G8 lies within hydrogen bonding distance of the pro-R P nonbridging oxygen of the reactive phosphate, whereas no specific interactions with the keto group are evident [23]. The requirement for the exocyclic amine suggests that the rescuing nucleobases might bind in the same orientation as guanine in the unmodified ribozyme. and 5B). This evidence suggests that rescue requires protonation and, conversely, that nucleobase interacvariants suggests that base deletions might leave a solvent-filled cavity near the reactive phosphate in a tions with the ribozyme facilitate protonation. The N3 ring nitrogen of isocytosine is protonated in relatively unperturbed active site. This gave us the opportunity to try to identify small molecules that bind the neutral form, and positive charge localizes to the N1 ring nitrogen at low pH ([40]; Figure 5A ). Nonetheless, specifically in the active site and restore activity. We surveyed 31 nucleobases, nucleobase analogs, heteroisocytosine rescue also increases with decreasing pH ( Figure 5B ). This observation suggests that rescue recyclic amines, and amino acids for their ability to restore activity to the G8dX variant (Figure 4) . It is important to quires the positive charge that accompanies protonation in addition to the amide form of the N3 ring nitronote that these molecules vary widely in solubility, with purines being especially insoluble. Therefore, some molgen. Indeed, the pH-rate profile for isocytosine rescue Table 2 . Cleavage rate constants declined in reactions with 2-aminopyridine at concentrations above 40 mM (not shown). Therefore, the apparent plateau in cleavage activity between 20 and 40 mM 2-aminopyridine might not reflect saturation of a 2-aminopyridine binding site. displays a small but reproducible level of rescue at high tent with the participation of just a single ionization in the rate-determining step. Instead, 2-aminopyridine dispH values when the N3 ring nitrogen is in the amide form but isocytosine is not positively charged (Figure played maximum rescue activity near pH 7 and reduced activity at higher and lower pH values. In contrast to 5B). This result supports the idea that the amide form of the N3 ring nitrogen confers some rescue activity cytosine, isocytosine, and 2,6-diaminopurine, which undergo significant protonation only at pH values below consistent with a role for N3 in hydrogen bond donation. However, the observation that low pH promotes isocy-6 in solution, 2-aminopyridine ionizes with a pK a value of 6.8 so that a significant fraction will be positively tosine rescue suggests that positive charge significantly enhances rescue even when the charge localizes to a charged at neutral pH ( Figure 5A ). Cations differ in their ability to stabilize hairpin ribozyme structure [43], and different ring nitrogen.
In contrast to the pH dependence of cytosine, isocycationic 2-aminopyridine might compete with favorable Mg 2ϩ interactions to destabilize ribozyme structure. If tosine, and 2,6-diaminopurine rescue, pH-rate profiles for 2-aminopyridine rescue reactions were not consisso, the abasic variant must be especially susceptible to sine, isocytosine, 2,6-diaminopurine, and 2-aminopyri- kinetics as 5Ј product RNA from reactions with the unmodified substrate binding RNA. Thus, the G8dX variant produces the expected cleavage products with 2Ј,3Ј-destabilization because 2-aminopyridine does not intercyclic phosphate termini and mediates the same cleavfere with the activity of the unmodified ribozyme at the age chemistry as unmodified ribozymes. same concentration at any pH (not shown).
We tried to assess whether protonation promotes binding, catalysis, or both by examining the nucleobase Discussion concentration dependence of rescue at high and low pH ( Figure 5C , Table 2 Cytosine and isocytosine also have been shown to value is only 4-fold less than the rate constant of 0.2 min Ϫ1 measured for the unmodified ⌬ALR43·SB cleavrestore partial activity to an HDV ribozyme mutant that lacks the C76 nucleobase that was implicated in proton age reaction at pH 6.
transfer [27] . However, the biochemical features of rescued reactions differ dramatically for HDV and hairpin Rescue Specificity Aminoglycoside antibiotics and polyamines can proribozymes. In particular, cytosine rescue of HDV ribozymes increases with increasing pH, suggesting that mote hairpin ribozyme activity at low Mg 2ϩ concentrations through nonspecific electrostatic stabilization of deprotonation rates or equilibria participate in the ratedetermining step. Furthermore, imidazole and imidazole ribozyme structure [44] . The requirement for relatively high concentrations of nucleobases raised the concern derivatives rescue HDV ribozyme mutants lacking C76 [26, 27], but imidazole at concentrations as high as 250 that rescue occurred through a similar nonspecific electrostatic effect. However, cationic nucleobases did not mM gave no detectable rescue of the hairpin G8dX variant (Figure 4) . The failure of imidazole to compensate accelerate cleavage in reactions with the unmodified ribozyme or with Gϩ1dX, A9dX, A10dX, or G11dX varifor the loss of G8 does not exclude a role for G8 in proton transfer, but it does suggest that hairpin and ants. Furthermore, a variety of heterocyclic amines failed to accelerate reactions with G8dX at high or low pH HDV ribozymes exploit different catalytic mechanisms. In the active site structure, the N1 ring nitrogen of G8 (Figure 4) . Therefore, rescue of G8dX activity by cyto-lies close enough to accept a proton from the nucleophilic 2Ј hydroxyl [23] . Provided that a significant fraction of this guanine exists in the deprotonated state within the active site environment, the proximity of G8 to the 2Ј hydroxyl is consistent with a role for G8 in general base catalysis. However, the observation that protonation enhances exogenous nucleobase rescue indicates that rescue does not occur through this mechanism. Exogenous nucleobases cannot rescue G8dX cleavage activity by mediating general base catalysis because a protonated, cationic nucleobase will not accept a proton from the 2Ј hydroxyl.
Positioning by a cationic nucleobase contributes to catalysis by metal cation specificity switches that accompany subthese ribozymes, therefore, protonation does not particstitution of phosphoryl oxygens point to metal cation cooripate in the rate-determining step. dination to pro-S P or pro-R P oxygens, respectively [6].
In reactions with 1 M NaCl in place of divalent metal We propose a model in which the exogenous nucleocations, the residual, low activity of the genomic HDV base stacks between A7 and A9 in a pocket left by the ribozyme increases with decreasing pH, consistent with G8 deletion (Figure 6 ). Stacking would compensate in a requirement for protonation of a functional group with part for the loss of G8 by restoring active site geometry. a low pK a [10]. In this case, protonation seems to serve The exocyclic amine of the exogenous nucleobase is a structural rather than a catalytic role by stabilizing a proposed to hydrogen bond to the pro-R P oxygen of the base triple that requires hydrogen bond donation from reactive phosphate, as does the exocyclic amine of G8 in the N3 lyzed cleavage reactions and expand our understanding of the capacity of RNA functional groups to medi-
